One contribution of 17 to a Theo Murphy meeting issue 'Antarctic subglacial lake exploration: first results and future plans' .
Deep drilling at the Vostok Station has reached the surface of subglacial Lake Vostok (LV) twicein February 2012 and January 2015. As a result, three replicate cores from boreholes 5G-1, 5G-2 and 5G-3 became available for detailed and revalidation analyses of the 230 m thickness of the accreted ice, down to its contact with water at 3769 m below the surface. The study reveals that the concentration of gases in the lake water beneath Vostok is unexpectedly low. A clear signature of the melt water in the surface layer of the lake, which is subject to refreezing on the icy ceiling of LV, has been discerned in the three different properties of the accreted ice: the ice texture, the isotopic and the gas content of the ice. These sets of data indicate in concert that poor mixing of the melt (and hydrothermal) water with the resident lake water and pronounced spatial and/or temporal variability of local hydrological conditions are likely to be the characteristics of the southern end of the lake. The latter implies that the surface water may be not representative enough to study LV's behaviour, and that direct sampling of the lake at different depths is needed in order to move ahead with our understanding of the lake's hydrological regime.
Introduction
With dimensions of about 60 × 260 km and a water depth of up to 1200 m, Lake Vostok (LV), buried beneath The surface elevation is from [6] , the bottom of the ice sheet is from radio-echo sounding data [4] , the thickness of the Lake Ice 1 and Lake Ice 2 strata is assessed using modelled rate of ice accretion [4] and additional information taken from the ice core study (this work).
(c) Vertical section of LV accreted ice as revealed by coring in holes 5G-1, 5G-2 and 5G-3. The depths of interfaces between meteoricandlakeice(3539 m),LakeIce1andLakeIce2(3618 m)andbetweeniceandwater(3769 m)arefromtheicecorelength measurements. The vertical thickness of the ice sheet at the drilling site is 3758.6 ± 3 m, as calculated from the core depth and the hole inclination data. The formation sites on the VFL line and the ages of accreted ice at these depths are deduced from modelling [4] .
the 4 km thick East Antarctic ice sheet, is the largest subglacial lake on our planet [1, 2] . In February 1998, drilling operations at the deep 5G-1 hole at Vostok Station reached, at a depth of 3539 m, ice refrozen from lake water, thus allowing the first sampling of LV's environment [3] . The age and the location of the lake ice formation in the Vostok core, as inferred from ice flow modelling [4] , are illustrated in figure 1. The upper stratum of accreted ice bedded at depths of 3539-3618 m (so-called Lake Ice 1) comprises scarce mineral inclusions entrapped from the lake bottom sediments in the shallow strait and/or over the small island located on the Vostok ice flow line (VFL) on the upstream side of LV. The underlying clean ice (Lake Ice 2) is believed to be refrozen over deep water as the ice sheet moved between the 'Islet' and Vostok Station. Assuming the scheme in figure 1 is correct, the changes in properties of accreted ice along the ice core between 3538 and 3769 m should reflect spatial (along the VFL) and temporal (over the past 40 kyr) variability of the hydrological regime and ice formation conditions in LV.
Previous studies of accreted ice limited to a depth of 3650 m have revealed significant variability in physical conditions during ice formation, as well as variability in the isotopic content of freezing lake water [7] . The kind of thermohaline circulation implying frazil ice formation was invoked to interpret the isotopic profiles obtained along the ice core [7] [8] [9] . According to the proposed scenario, ice accretion to the ceiling of the lake entails the consolidation of the loose frazil ice crystals in the course of the freezing of the host water, accompanied by the trapping of water pockets. This process would result in the formation, in the freezing zone, of polycrystalline ice with a crystal size of not more than several millimetres [10] . Crystal growth should therefore occur after the initial freezing and during the long annealing time in order to explain the large size of crystals observed in the ice core [11] .
Steady-state isotopic models of LV show that, after three to four water renewals, the isotopic composition of accreted ice should be the same as of the meltwater which feeds the lake [9, 12] . The apparent enrichment of accreted ice in 18 O, which has been inferred from the observed twofold decrease in deuterium excess of this ice with respect to the value expected for meltwater, has been considered to be the main evidence for hydrothermal input to the lake and for the contribution of hydrothermal water to the ice accretion [9, 13, 14] .
Concerning the gas regime of the lake, it was proposed that due to the perpetual release of atmospheric gases from the melting glacier ice into the lake, the concentration of nitrogen and oxygen might have reached its upper limit, determined by the equilibrium between dissolved gases and the gas hydrates that are stable in LV's conditions [15, 16] .
The drilling of the 5G-1 borehole at the Vostok Station, which stopped in 1998 at a depth of 3623 m, was resumed in January 2006. Continuation of drilling operations in the following years culminated in the first (February 2012) and second (January 2015) unsealing of LV. As a result of this drilling activity, three replicate cores from boreholes 5G-1 (to a depth of 3667 m), 5G-2 (3600-3769 m) and 5G-3 (3458-3769 m) were obtained (figure 1). This allowed us to carry out detailed and revalidation studies of the accreted ice, right down to its contact with the lake water at 3769 m beneath the surface. A considerable body of new information obtained from these cores and presented in this article requires a reappraisal of some of the existing notions about the conditions of lake ice formation and of the behaviour of subglacial LV.
Methods and uncertainties
Isotope analyses (δD and δ 18 O) of different sections of the accreted ice core from borehole 5G-1 to a depth of 3650 m were performed on 0.1-1.0 m long samples using IR mass spectrometers in three laboratories: Laboratoire des Sciences du Climat et de l'Environnement (LSCE, Gifsur-Yvette, France), Niels Bohr Institute (Copenhagen, Denmark) and the Russian Geological Institute-VSEGEI (St. Petersburg). The detailed description of the sampling and experimental procedures and of the overall uncertainties of the obtained composite isotope profiles of the 5G-1 core can be found in [7] .
Isotope analyses of the 5G-2 and 5G-3 cores were carried out in the Climate and Environmental Research Laboratory at the Arctic and Antarctic Research Institute (St Petersburg, Russia) on 0.1-0.5 m samples of ice using the WS-CRDS Picarro analyser. The reproducibility of these measurements was 0.05 for δ 18 O and 0.3 for δD [17, 18] . The analyses of the 5G-3 core were not completed when this paper was being prepared, so for the stacked isotope profiles, we are only using data from the 5G-1 and 5G-2 cores. However, in the section discussing the peculiarities of the transition zone between meteoric ice and accreted ice at Vostok, we used, along with the 5G-1 data, the new high-resolution isotope profile obtained from the 5G-3 core for the depth interval 3535.00-3543.56 m.
In order to eliminate a small systematic offset (up to 0.1 for δ 18 O) observed between various series of samples measured in different laboratories, we reduced all the isotopic data to the mean level of values in the initial measurements performed at LSCE in the 3539-3611 m interval of the 5G-1 core [3] . For correcting the 5G-2 datasets, we used their overlap with the 5G-1 data between 3600 and 3666 m. The isotopic profiles measured on the 5G-2 core were shifted upward by 0.8 m to match with the 5G-1 core depth.
By averaging the data from different cores and different sets of samples (0.5 and 0.1 m samples), we decreased the random error of the mean δ 18 O and δD values obtained for the 0.5 m depth intervals to 0.02 and 0.15 , respectively. Such data accuracy seems sufficient to study the extremely weak natural variability of the isotope content that is characteristic of accreted ice [7] .
Measurements of the total gas content of accreted ice along the Vostok cores have been performed at the Laboratoire de Glaciologie et Géophysique de l'Environnement (Grenoble, France) using a barometric method implemented with an experimental set-up called STAN [19] . This technique is capable of detecting and measuring even very small concentrations of gases, such as those expected for gases dissolved in ice at equilibrium with air-saturated water. The absolute precision of the STAN measurements has been estimated to be within ±0.6% when the gas content of ice V, equals 0.1 cm 3 g −1 (the level typical for glacier ice), 0.8% for V = 10 −2 cm 3 g −1 , 5% for V = 10 −3 cm 3 g −1 and 40-50% for V = 10 −4 cm 3 g −1 . The detection limit is 5 × 10 −5 cm 3 g −1 for the ice samples with a mass of 20-25 g (hereafter the gas volume is given at standard conditions: T = 273.15 K and P = 0.1013 MPa).
Continuous studies of accreted ice texture and fabric were carried out on the fresh ice core in the field laboratory at Vostok Station soon after drilling. For mapping the crystal boundaries under polarized light, we used the 1 m long, 5-7 cm wide and 4-6 mm thick ice slices cut along the ice core axis. The c-axis orientation was measured in thin sections of ice with a the aid of the universal Rigsby stage.
The textural characteristics of accreted ice, such as the specific surface of ice crystals and their linear dimension, were estimated with the linear-intercept method [20, 21] . In general, the volume of the ice core does not provide a representative sample of the lake ice texture because of the great size of the ice crystals. This makes it difficult to correctly apply the existing methods of quantitative stereology and estimate the uncertainties of measured characteristics. It was shown, however, that the obtained experimental profiles qualitatively reflect the evolution of the ice textural characteristics with depth, because they can be well reproduced in the replicate cores [5] .
Crystalline inclusions of gas hydrates in accreted ice were studied under the binocular Olympus microscope. The number concentration of hydrates was estimated by counting the number of points where the release of gas was observed in the course of the melting of ice slices of known volume in water at room temperature. From 5 to 15 slices cut along the ice core axis were examined in each 1 m long core segment. The number concentrations of hydrates averaged over 1 m of the core length were used to plot the graphs presented in the paper. Owing to the highly non-uniform spatial distribution of hydrates in accreted ice, the standard error of the mean values is large. It varies from 10-20% for ice with a relatively high concentration of hydrates (0.1-0.5 g −1 ) to 50-100% for ice where their concentration drops below 0.1 g −1 . Only in the transition zone between meteoric ice and accreted ice in the 5G-3 core did we perform continuous measurements of hydrates with a resolution of about 5 cm (figure 2).
Ice core data
The set of isotope, gas and ice texture data presented in this section was obtained from the 5G-1 and 5G-2 ice cores (figure 1). Availability of the replicate core in the depth interval 3600-3666 m made it possible to check and confirm the robustness of the tiny signals observed in the The number concentration of gas hydrates (blue curves) and deuterium content of ice (red curves) as measured in the 5G-1 (thin curves) and 5G-3 (thick curves) ice cores. The 1.65-1.85 m thick layers of essentially hydrate-free (degassed) ice are observed in both cores just above the isotopic transition. The 80 cm shift between the isotopic transitions in the two cores is due to uncertainties in the ice core depth determination. (b) The electrical conductivity measurement (ECM) profile obtained on the 5G-3 core.
experimental profiles of accreted ice. In some cases, as for the transition zone described below, we additionally used data obtained from the 5G-3 core in order to confirm our findings.
(a) The meteoric ice-accreted ice transition
The transition zone between meteoric ice and accreted ice in the Vostok core has been described in a number of publications [3, [7] [8] [9] . It is marked by sharp changes in the isotopic composition, gas content and electrical conductivity of ice (figure 2). The transition in electrical conductivity was observed somewhat above the isotopic transition [9] .
Using the high-resolution (10 cm) isotope profile obtained from 5G-1 core (figure 2) and a model for diffusion of stable isotopes in ice [22] , in our previous work [7] we have demonstrated that the smoothed, 40 cm long isotopic transition can be solely explained by molecular diffusion in solid phase. We assumed that the initial boundary between the two types of ice was step-like, and that the observed wide transition zone results from molecular diffusion only. Calculations showed that, with the best-fit value of the effective diffusion length (a parameter describing the rate of diffusive smoothing [22] ) of 7.6 cm, the oldest accreted ice at the contact with meteoric ice has an age of 43 ka, very close to the estimate obtained from ice flow modelling (40 ka) [4] . The good agreement between these two independent estimates suggests that the diffusion along the crystal boundaries, which has not been taken into account in the calculations, has a negligible effect on the smoothing, likely to be because of the huge size of ice crystals. Applying similar calculations to the deeper sections of accreted ice has shown that the molecular diffusion would smooth short-term isotopic variations with a length of 10-15 cm, but not significantly affect the isotope profiles obtained with a 0.5 m sampling length [7] .
Here we present new data on the number concentration of gas hydrates in the 5G-1 and 5G-3 cores, which reveal a new, interesting feature of the transition zone. First, the high-resolution profile obtained from the 5G-3 core shows that a drop in the hydrate number occurs within 5-7 cm of the ice core length. Second, as shown in figure 2, this sharp drop in both cores is observed 1.65-1.80 m above the isotopic transition. Because the gas hydrates comprise more than 99% of total amount of air contained in ice [23] , their disappearance implies, effectively, a zeroing of the gas content of ice, as has been confirmed by direct gas measurements on the 5G-1 core (see below).
The gas-free layers of ice are often observed at the base of glaciers [24] . However, the striking feature of this particular layer discovered in the transition zone at Vostok is that its isotopic composition appears to be the same as that of the overlying meteoric ice. The assertion is supported by the δD-δ 18 O relationships obtained for this layer from the two replicate cores. Even though the variability of δD and δ 18 O (not shown in figure 2 ) is relatively low in the depth intervals under consideration, the correlation between the two isotopes is significant (r 2 = 0.85 − 0.89). The δD-δ 18 O slope was found to be 7.2 for the depth interval 3536.60-3538.40 m in the 5G-1 core, and 8.0 between 3537.60 and 3539.00 m in the 5G-3 core; the mean values of deuterium excess for these two intervals are 14.3 and 13.9 , respectively. The obtained parameters are considered to represent the isotopic properties of meteoric ice at Vostok.
The origin of this odd layer at the base of meteoric ice still remains unknown. One of the possible scenarios explaining the refreezing of the glacier melt without isotopic modification might involve input of 'alien' water with a different (lighter) isotopic composition when compared with the local meteoric ice [25] .
(b) Accreted ice texture and fabric
Petrographic studies performed on a continuous basis along the 5G-1 and 5G-2 cores have allowed us to characterize the evolution of the ice texture and fabric in the 230 m thick stratum of accreted ice down to the surface of LV at a depth of 3769.3 m (figure 3d,e). The study revealed no presence of the fine-grained ice that would occur at the ice-water contact zone if the consolidation of loose frazil ice crystals by slow freezing of the host water was the main mechanism of lake ice formation [8, 10, 11] . Instead, an enormously large monocrystal of ice, with a vertical dimension of about 3.5 m and flat bottom surface, was found in the 5G-2 hole, at the contact with the lake water.
As shown in figure 3d , the general tendency in the evolution of accreted ice texture is the increase in the mean crystal size as the depth increases and the lake ice becomes younger towards the ice-water interface. This leads us to the conclusion that the main mechanism of ice accretion in LV could be orthotropic crystal growth, similar to that which is typical for the lake ice of surface lakes [26] . Recrystallization and abnormal grain growth proposed in [11] to explain the modification of ice texture after initial freezing may well be one of the processes forming the observed properties of accreted ice and especially those of Lake Ice 1, whose formation involves water pocket trapping (see below).
The high-amplitude variations of the crystal size and c-axis orientation observed in the experimental profiles (figure 3d,e) are thought to be caused, as a rule, by the temporal and/or spatial variability of the ice formation conditions. However, the interruption of the gradual increase in the crystal size and the development of the preferred c-axis orientation, which occurs in the depth interval of 3600-3618 m, can be interpreted as a transition zone between Lake Ice 1 and Lake Ice 2 associated with the discontinuity in ice accretion when the ice sheet moved over the 'Islet' located upstream of Vostok ( figure 1) [4 • . The age scale on the top horizontal axis is calculated according to Salamatin et al. [4] . stratum of Lake Ice 1, formed upstream of 'Islet', and the underlying bedrock, the ice may have deformed and its initial textural properties been altered. Downstream of 'Islet' the orthotropic crystal growth from lake water resumes on thus modified icy substrate.
The orthotropic growth of ice crystals from fresh water is known to produce several types of preferred orientation of the c-axis [26, 27] . The presence of supercooled water at the crystallization front supports the preferable growth of ice crystals with horizontally oriented c-axes. In turn, the presence of thermally stratified water pull below the ice ceiling [28] should favour the growth of ice crystals with c-axes which are normal or nearly normal to the freezing front. Thus, the type and strength of the observed ice fabric can serve as indicators of the intensity of the supercooled meltwater flux towards the ice formation site. In particular, the data presented in figure 3d, The right-hand photograph shows dissociating hydrate which releases gas into the ice matrix. In both cases, the hydrates are found in the interior of the ice crystals.
freezing front, whereas the ice bedded between 3675 and 3692 m formed under the conditions of the stratified water. The decrease in the crystal size observed in some depth intervals of Lake Ice 2 most probably indicates changes in the prevailing conditions of ice accretion. Microscopic investigation of thin sections has shown that the gases trapped in small quantities in Lake Ice 1 are localized in the crystalline inclusions of gas clathrate hydrates (figure 4). The size of the inclusions varies from 0.05 to 0.6 mm, whereas their number concentration is by two to three orders of magnitude lower than the concentration of hydrates in meteoric ice (figures 2 and 3b). The formation of these hydrates in Lake Ice 1 is thought to be closely associated with the capture and subsequent freezing of liquid-water inclusions (water pockets) which should occur during ice accretion [8] . Lake gases dissolved in the liquid inclusions become trapped during freezing and therefore both bulk concentration and the composition of air in such frozen pockets must be the same as in the lake water. The lower bound of gas concentration in the lake corresponds to the gas content of melting glacier ice (approx. 0.09 cm 3 g −1 ) [15] , which by two orders of magnitude exceeds the solubility of nitrogen and oxygen molecules in ice lattice [23, 29] . Under pressures and temperatures prevailing at the base of Antarctic ice sheet, the supersaturation of freezing water pockets with gases will lead to the formation of clathrate gas hydrate [15] . This allows us to consider the hydrates in accreted ice as proxies for water pockets and use them for identification and location of the latter. We note, however, that diffusion may lead in time to the dissolution of hydrates in ice, provided the concentration of gases dissolved in ice outside water pockets is lower than the equilibrium concentration with a hydrate phase. Nevertheless, in accreted ice containing hydrates, as in Lake Ice 1 which features relatively high gas content (see below), the number concentration of water pockets should be equal, in a first approximation, to that of gas hydrates. Lake Ice 2 does not contain hydrates and is highly unlikely to contain water pockets in its deepest section. In connection with this, the gas content of ice bedded below 3700 m-which is solely determined by the concentration of gases dissolved in the ice matrix-drops to the detection limit of the analytical equipment used.
The data presented in this section suggest that the formation of Lake Ice 2 proceeds as a purely molecular process at a very low rate of orthotropic crystal growth (less than 5 mm yr −1 according to model estimates [4] ), and in gas and isotopic equilibrium with the mother water.
(c) Isotopic composition
The deuterium and oxygen 18 enrichment of accreted ice in comparison with lake water is determined by the effective fractionation coefficient, which depends on the rate and fractional contribution of three processes: frazil ice formation, slow freezing of the host water in equilibrium with ice and freezing of water pockets [7] [8] [9] . Regardless of the ice formation mechanism, the slope of the δD-δ 18 O relationship for water and ice freezing from this water equals 4.060 ± 0.035. Thus, the influence of the two factors (the ice formation mechanism and the isotopic composition of lake water) on the isotopic composition of accreted ice can be separated by using the parameter dxs4 = δD − 4.06δ 18 O [7] . Changes in this parameter reflect changes in the isotopic composition of the lake water. Figure 3a ,c shows the stacked experimental profiles of δ 18 O and dxs4 obtained from the 5G-1 and 5G-2 ice cores. The isotope content of Lake Ice 1 (3540-3619 m), which contains frozen water pockets, appears to be strongly affected by changes in the mechanism of ice accretion. The slope of the δD-δ 18 O relationship in this ice is close to 4. The negative peaks in the δ 18 O profile (figure 3a) correspond to the maxima in the water pockets-depth distribution curve as shown in figure 3b . This is because the isotope content of the lake water, which is not modified during the freezing of the isolated water pockets, is lighter than that of the frozen host water formed in equilibrium conditions. Lake Ice 2 (3619-3769 m) was accreted downstream of the small island situated on the VFL line ( figure 1) . The physical properties of this ice described above are consistent with a simple mechanism of its formation, which consists of a very slow (in equilibrium with water) orthotropic growth of ice crystals not accompanied by frazil ice formation and the trapping of water pockets. The variability of the isotopic composition of ice in this depth range mostly reflects that of the water from which this ice has formed. The variations in the isotope content of water can be caused by the fluctuations in the flux and/or isotope content of the melt glacier waters arriving from the northern part of the lake.
It is worth noting that in the upper section of the Lake Ice 2 (3619-3647 m), δD (not shown in figure 3 ) does not correlate to δ 18 O, which may imply contribution of hydrothermal waters to the ice accretion. It is also possible, however, that the weak correlation between δD and δ 18 O could be caused by insufficient accuracy of δ 18 O, and especially δD measurements with respect to the little natural variations considered here. For instance, averaging the data from the 5G-1 and 5G-2 ice cores has led us to a revision of the depth interval with weak correlation between the two isotopes-it has been changed from 3633 to 3650 m in our previous study, when only 5G-1 data were used [7] , to 3619-3647 m in this study. We can expect that using the new data from 5G-3 core in the composite isotope profile-when it becomes available-will yield further refinements.
Assuming equilibrium freezing, one can calculate the mean isotopic composition of water from which Lake Ice 2 was formed. The mean isotopic content (δ 18 O/δD) of accreted ice between 3619 and 3769 m is -56.22/-442.4 . Applying equilibrium fractionation coefficients 1.003 and 1.0208, respectively, we obtain the isotopic composition of water as -59.04/-453. 8 . These values are significantly lower than the earlier estimates inferred under the assumption that the frazil ice represents 50% of the bulk of accreted ice [7] .
Independently, the isotopic composition of the surface lake water in the vicinity of the Vostok borehole was estimated from the isotope analyses of the water frozen on the drill bit (icicle) that was recovered after the first unsealing of LV, in February 2012. The water froze very fast when the drill escaped from the rising water and entered the section of the hole filled with cold (−10 • C) drilling fluid at 340 m above the lake surface. Measurements were performed layer by layer from the outer part of the icicle inward. They showed no systematic trend in the isotopic composition of the icicle, thus suggesting that fractionation did not occur during the freezing. The mean isotopic composition of the five studied samples (−59.0 ± 0.3 for δ 18 O and −453.8 ± 1.4 for δD) was considered to represent the isotopic composition of the lake water [18] .
Isotope measurements were also performed on the ice core of the refrozen lake water recovered from the borehole a year after the first unsealing of LV. 26 crosscut ice slices of the core collected in the depth interval 3425-3450 m were analysed layer by layer, from the surface of the frozen water core towards the borehole axis. As was expected from theory and the simulated experiments [18] , we observed that the ice was enriched in heavy isotopes in the outer part of the core and depleted in its inner part [30] . It was found that the experimental distributions of the isotope composition of the frozen water measured at the 26 depth levels correspond to a mean initial isotope content [30] . These values agree well with the estimates based on the isotope analyses of the accreted ice core. The latter adds credibility to our inference that Lake Ice 2 has been formed in isotopic equilibrium with the lake water and is characterized by a negligible contribution of frazil ice and frozen water pockets to the total variability of its isotopic composition.
(d) Gas content
In contrast with the perennially ice-covered surface Antarctic lakes, subglacial Antarctic lakes are characterized by high hydrostatic pressures (35) (36) (37) (38) (39) (40) MPa in LV). Owing to this, the gas dynamics in these lakes is complicated by the possible formation of a mixed gas clathrate hydrate which should occur here in the event of gas supersaturation. When considering the gas budget of LV, which features bottom ice melting on one side and ice accretion on the other, one usually assumes that the gas composition and the total gas content of sub-ice water are mostly controlled by the ice-water exchange between the lake and the overlying ice sheet. Gases enter LV together with glacier ice melt mostly in the northern part of the lake, and can build up in lake water due to the ice accretion that prevails in the south. Earlier theoretical works [15, 16, 31] have demonstrated that about 30 water residence times are required to reach the upper bounds of concentrations of nitrogen and oxygen dissolved in lake water (i.e. 1.7-2.1 cm 3 N 2 g −1 , 0.5-0.7 cm 3 O 2 g −1 according to different estimates), which correspond to equilibrium between gases in solution and those in a hydrate phase. Depending on the estimated duration of the water residence time [32] [33] [34] , the saturation of lake water with dissolved gases could be attained after 0.15-3.8 Myr. Assuming a long-lasting steady state of the lake, it has been postulated that the hydrate formation and the high oxygen concentration (approx. 100 times higher than in air-equilibrated water) are likely characteristics of LV [15, 16] .
If lake water is saturated with dissolved gases in equilibrium with clathrate hydrate, and the ice accretion proceeds as a purely molecular process as proposed above, then the total gas content of accreted ice should correspond to the solubility of air in ice under conditions of the threephase equilibrium liquid water-hydrate-ice (LHI). The mole fraction of i-gas molecules (i = N 2 , O 2 ) dissolved in ice lattice in equilibrium with clathrate hydrate, C i , is determined by dissociation pressure, p d and the composition of hydrate [23] .
where y i is the mole fraction of the i-gas in hydrate phase (y N 2 + y O 2 = 1), and X i is the solubility of the i-gas in ice at 1 MPa:
where R is the gas constant, T is the temperature (in K), X 0 i and E i are the constant and the activation energy of solution:
9.2 kJ mol −1 , E O 2 = 7.9 kJ mol −1 [23] .
Assuming the N 2 to O 2 ratio of dissolved air in lake water is 3.71, as at the beginning of hydrate formation in LV [16] , and computing the equilibrium concentrations of nitrogen and oxygen in aqueous solution at high pressures as described in [15] , we obtain the N 2 /O 2 ratio of the (pseudo-) gas phase in equilibrium with air-saturated water to be about 7.1. Based on the solid-solution model [35] , the composition and the dissociation pressure of clathrate hydrate are then estimated to be y N 2 /y O 2 = 5.4 and p d = 13.3 MPa at −3 • C, the temperature at the icewater interface at Vostok [15] . Finally, using equations (3.1) and (3. . Gas content of accreted ice (5G-1 and 5G-2 cores). Dots denote individual data points. Solid step-like line-average levels of gas content in meteoric ice, Lake Ice 1, and in Lake Ice 2 above and below 3700 m depth. Grey curve-estimated number of hydrates in ice samples used for gas content measurements. Solubility of air in ice at the three-phase equilibrium LHI as calculated from [23] and the detection limit of the experimental technique are shown by horizontal dashed and dotted lines, respectively. Vertical dashed lines show the boundaries between meteoric ice, Lake Ice 1 and Lake Ice 2. The age scale on the top horizontal axis is as in figure 3 .
In order to check the theoretical inference of the high concentration of gases in LV, we have performed accurate measurements of the total gas content along the Vostok accreted ice core ( figure 5 ). The data show that the major shift in air content marking the boundary between the meteoric ice and accreted ice occurs in the 5G-1 core at a depth of 3536.8 m. The gas content of accreted ice is characterized by a significantly larger variability as compared with that of meteoric ice. First, the gas measurements support the existence of two distinct layers in the accreted ice stratum-Lake Ice 1 and Lake Ice 2. Between 3537 and 3618 m, the mean gas content of ice is 1.6 × 10 −3 cm 3 g −1 . The relatively high level of gas concentration (one order of magnitude higher than below 3618 m) and its enhanced variability in Lake Ice 1 result from the presence and nonuniform spatial distribution of gas hydrates (water pockets; figure 5 ). Below 3618 m in Lake Ice 2, hydrates disappear and therefore the low gas content values obtained represent concentrations of gases dissolved in ice.
In the upper section of Lake Ice 2, between 3618 and 3700 m, the mean gas content of ice amounts to 2.0 × 10 −4 cm 3 g −1 , i.e. actually equal within the uncertainties of our measurements and estimates to the solubility of gases at the LHI equilibrium. However, many of the samples measured in this depth range showed gas content values below the detection limit (in figure 5 we assign the value 5 × 10 −5 cm 3 g −1 to all measurements giving the gas content below the detection limit). The relatively high variability of gas content and closeness of its mean level to the solubility of air in ice at the LHI equilibrium might be evidence that the gas hydrates, which initially formed in widely spaced, rare water pockets, had dissolved because the concentration of solute gases in the surrounding ice matrix was not sufficient (below the LHI equilibrium level) to support their stability. Thus, the absence of hydrates in this depth interval should not be regarded as a proof of the absence of water pockets during ice accretion.
Lastly, from a depth of 3700 m to the ice-water interface, the concentration of dissolved gases in accreted ice is similar to that in artificial single ice crystals grown by slow freezing of deionized water and lies well below both the LHI equilibrium value and the detection limit of our measurements. This implies that the concentration of gases dissolved in lake water from which this ice formed did not reach the maximum level determined by their solubility in equilibrium with a hydrate phase.
Discussion and conclusion
Our study shows that the enhanced isotopic variability of Lake Ice 1 is a complex product of changes in the mechanism of ice accretion, which affect the effective fractionation coefficient, and the high-amplitude variations in the isotopic composition of the freezing water, which is characteristic of LV in the shallow strait and around the small island lying on the Vostok Flow Line ( figure 1) . By contrast, the physical properties of Lake Ice 2 accreted over the open, deep part of the lake indicate that its formation has entailed slow orthotropic crystal growth, in the gas and isotopic equilibrium with water, without a significant contribution from frazil ice crystals. This process should lead to the formation of a kind of columnar ice with enormously large crystals. The textural and fabric properties of this ice, as we were able to assess, revealed considerable variations with depth, likely to be related to spatial and temporal changes in the cold meltwater influx to the ice formation site.
The equilibrium conditions of Lake Ice 2 formation made it possible to test the hypothesis that the lake water is saturated with dissolved gases by comparing the measured gas content of accreted ice with the solubility of gases in ice at the LHI equilibrium. Our precise air content measurements (figure 5) show that Lake Ice 2 formed in the vicinity of Vostok Station, and now bedded below 3700 m, was accreted from the water in which the concentration of dissolved gases was far below the uppermost level determined by equilibrium with a hydrate phase. Thus, the potential for hydrate formation in LV has not been realized, at least in this part of the lake. We note that using the previous estimate of air solubility in ice [29] , which gives by an order of magnitude greater value than that used in this study, will only strengthen our conclusion.
The unexpectedly low concentration of gases present in the surface lake layer beneath Vostok may have significant implications for the study of the lake's ecosystem. It can be explained by two scenarios. Firstly, the lake is not in a steady state with respect to its gas budget, and the concentration of dissolved gases has not reached an equilibrium with the air clathrate hydrate. Secondly, the melt water with a relatively low concentration of air (0.09 cm 3 g −1 ) arrives at the ice formation site not perfectly mixed with the resident lake water, and contributes to the lake ice accretion. The isotopic data provide additional information on this subject.
The mean isotopic content of accreted ice (−56.22 and −442.4 for δ 18 O and δD, respectively) is heavier than the inferred isotopic content of melt water: −57.25 ± 0.36 and −445.2 ± 2.9 [7] . According to isotopic models of LV [7, 9, 12] , this may reflect the unsteady state of the lake. However, an alternative and more realistic scenario explaining the observed difference implies the contribution of hydrothermal waters to the isotopic budget of LV [7, 9, 14] . The lack of correlation in the short-term variability of δD and δ 18 O in the core interval between 3619 and 3647 m is thought to indicate the influence of the hydrothermal source on the short leg of the VFL located downstream, immediately after the 'Islet' (figure 1). As has been shown in [7] , the presence of short-term (shorter than the lake's renewal time) pulsations of source (either meltwater or hydrothermal) implies insufficient mixing of the source water and the resident lake water. Otherwise, if the lake was homogeneous, no such variations would be observed-they would just be smoothed out. The poor mixing of the hydrothermal water with the main water body can be explained by the formation of rising columnar vortices suggested by laboratory simulations of LV circulation [36] or by sporadic warm hydrothermal plumes boosted by seismotectonic activity [37] .
Another approach to interpreting the isotopic data is based on not taking into consideration the hydrothermal input to the lake, and fitting the modelled isotope composition of the accreted ice to the observed one by adjusting the isotope composition of the meltwater [12] . It is, however, difficult to have a low mean deuterium excess of a 7.6 ± 1.1 , which has been found in the 230 m thickness of accreted ice, conformed to the expected mean isotopic properties of the melting meteoric ice in this area without assuming a contribution from hydrothermal source [9] .
The hydrothermal circulation in LV is thought to be fed by the lake water, so does not influence the mass balance of the lake [7] . According to this notion, the water may seep into and warm up in the deep faults existing in the lake basement and then be boosted upwards by sporadic seismic events [14, 37, 38] , with no significant input from high-enthalpy mantle processes [33] . This scenario is supported by (i) the published helium isotope data showing the threefold increase in the radiogenic crustal helium ( 4 He) concentration in accreted ice with respect to meteoric ice [13, 33] , (ii) the finding of the thermophilic bacteria in a sample of Lake Ice 1 from a depth of 3607 m [13] (see also alternative interpretation of this finding in [39] ), (iii) the presence of sulfide minerals in the mineral inclusions trapped by the accreted ice [40] and (iv) the structure and composition of the liquid brine micro-droplets and sulfur-rich aggregates found in Lake Ice 1 [38] .
Variability in the isotopic composition of Lake Ice 2, in the newly studied depth interval of 3647-3769 m (see δ 18 O profile in figure 3a) appears to mostly reflect the variability of the lake water (dxs4 in figure 3c ). The slope of the δD-δ 18 O relationship here amounts to 6, thus approaching the value typical for meteoric ice. There are all indications that this part of the lake, near the Vostok Station, is more affected by the meltwater fluxes than the western side of LV. This is consistent with the notion about the clockwise direction of the water movement in the lake [41, 42] according to which there should be a current along the eastern lake shore, which brings the water from the melting area to the freezing site.
A clear signature of the melt water in the surface layer of the lake, which is subject to refreezing on the icy ceiling of LV, has been discerned in the three different properties of accreted ice examined above: the ice texture and fabric, the isotopic and the gas content of the ice. These sets of data indicate in concert a poor mixing of the melt (and hydrothermal) water with the resident water in the lake and pronounced spatial (along the 55-km leg of VFL) and/or temporal (over the past 40 kyr) variability of local hydrological conditions. The latter implies that the surface water in the vicinity of Vostok Station is not representative enough for a study of LV's actual behaviour, and that we need to directly sample the lake at different depths in order to move ahead with our understanding of the lake's gas and isotopic budgets.
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